We have fabricated a-plane light-emitting diodes (LEDs) with inserted InGaN/GaN superlattices. The structural characteristics and device performance of a-plane light-emitting diodes with/without superlattices were also identified. Transmission electron microscope (TEM) images revealed that the threading dislocation (TD) density for the sample using superlattices was reduced from 3 Â 10 10 cm À2 down to $9 Â 10 9 cm À2 . The electroluminescence (EL) intensity of the sample with InGaN/GaN superlattices was enhanced by a factor of 3.42 times to that of the conventional sample without InGaN/GaN superlattices. Furthermore, we observed that the polarization degree of a-plane LEDs with superlattices (56.3%) was much higher than that without superlattices (27.4%). A series of experiments demonstrated that the feasibility of using InGaN/GaN superlattices for the TD reduction and the improvement of luminescence performance in a-plane III-nitride devices. #
Introduction
Recently, nitride-based light-emitting diodes (LEDs) have been attracting great attention owing to the potential application in solid-state lighting. However, the conventional c-plane nitride-based quantum wells exhibit the quantum-confined Stark effect 1, 2) as a result of the existence of spontaneous and piezoelectric polarization fields that are parallel to [0001] c-direction. This effect results in spatial separation of the electron and hole wave functions in the quantum wells, which restricts the carrier recombination efficiency, reduces oscillator strength, and induces redshifted emission. 3) To avoid such polarization effects, growth along ½11 2 20-oriented direction has been explored for planar a-plane GaN prepared on r-plane sapphire 4) and a-plane SiC 5) by metalorganic vapor phase deposition (MOCVD). Since these GaN surfaces contain an equal number of Ga and N atoms in each monolayer, a free electric field and nonpolar characteristic are obtained. The recent studies of a-plane AlGaN/GaN 6, 7) and InGaN/GaN 8, 9) multi-quantum wells (MQWs) demonstrate that it is possible to eliminate such polarization fields along nonpolar orientation. In addition, nonpolar LEDs have been shown to exhibit optically polarized spontaneous emission, which is explained to be a result of the crystal field oriented along the c-axis of wurtzite GaN and its effect on the valence band splitting induced by large compressive strain within the wells. 10, 11) Therefore, the use of these polarized light emitters in liquid crystal display units is a great chance to save energy owing to the elimination of a sheet polarizer. 12) However, the difficult issue is that there is no suitable substrate for heteroepitaxial planar a-plane GaN growth.
In general, there is a threading dislocation (TD) density of $3 Â 10 10 cm À2 and a basal stacking fault density of $3:5 Â 10 5 cm À1 in a-plane GaN grown on r-plane sapphire structure because of the large lattice mismatch. 13) The TDs in GaN act as nonradiative recombination centers to restrict internal quantum efficiency. Therefore, the reduction of threading dislocation density is essential to improve device performance. Lateral epitaxial overgrowth (LEO) techniques have been employed in the past to achieve defect reduction in nonpolar GaN. [14] [15] [16] [17] [18] However, all of these LEO techniques involve ex-situ processing steps and it is difficult to control the uniformity of the regrowth thickness exceeding 20 mm required for coalescence. Another possible method for reducing threading dislocation density is to insert strainlayer superlattices into the epitaxial layer. The strain which is due to different lattice constants in the superlattices, can deflect the threading dislocation into the interfacial plane and has been theoretically analyzed by Matthews and Blakeslee. 19, 20) The dislocation line that runs parallel to the growth direction is bowed as a result of the coherent strain present in the superlattices. Subsequently, the dislocations move laterally and are eliminated with other dislocations of the opposite Burgers vector, or combine with a dislocation of a different Burgers vector to form a third one, or even run to the edge of the wafer. Ultimately, dislocation density reduction is achieved by the insertion of superlattices. In this study, we utilize the strain mechanism to realize defect reduction in a-plane LEDs and demonstrate the performance improvement of a-plane LEDs using InGaN/GaN superlattices. Unlike these traditional LEO techniques, this dislocation reduction method is highly advantageous due to the simplicity and low cost.
Experiments
First, a low temperature GaN nucleation layer was grown by low pressure metal-organic chemical vapor deposition (MOCVD) on r-plane sapphire substrates, followed by the growth of 0.5-mm-thick high temperature GaN. Then, a superlattices comprising 20 pairs of 5-nm-thick In 0:2 Ga 0:8 N and 5-nm-thick GaN were inserted and subsequently a 1.5mm-thick Si-doped n-GaN with an electron concentration of 3 Â 10 18 cm À3 was grown. Afterward, a MQWs consisting 10 pairs of 6-nm-thick wells and 15-nm-thick barriers was grown at a temperature of 827 C and capped by a 0.15-mmthick p-GaN layer with a hole concentration of 6 Â 10 17 cm À3 . The structure of the a-plane LED is shown in Fig. 1 . The as-grown samples were investigated by transmission electron microscopy (TEM) to compare the microstructures of a-plane LEDs grown with and without InGaN/GaN superlattices. Temperature-dependent micro-photoluminescence (m-PL) measurements were carried out using the 405 nm line of a CW InGaN laser diode with a spot size of 10 mm over the temperature range 90 -300 K. Then, 300 Â 300 mm 2 diode mesas were defined by chlorine-based reactive ion etching. Ti/Au (100/200 nm) and Ti/Al/Pt/Au (30/180/40/150 nm) were used as p-and n-GaN contacts, respectively. The electroluminescence (EL) and polarization characteristics of the diodes were measured by on-wafer probing of the devices.
Results and Discussion
To demonstrate the dislocation reduction of the a-plane LED with the insertion of InGaN/GaN superlattices, TEM was performed to compare the microstructures of a-plane LEDs with and without superlattices. The typical bright-field crosssectional TEM image of the sample with superlattices near ½1 1 100 GaN zone axis is shown in Fig. 2(a) . The inset of Fig. 2 (a) presents the corresponding electron diffraction pattern. From the TEM image, significant blocking of TDs was observed at the n-GaN/superlattices interface. Thus it was apparent that the insertion of InGaN/GaN superlattices can reduce the dislocation density effectively. The estimated threading dislocation density was reduced from 3 Â 10 10 cm À2 down to $9 Â 10 9 cm À2 . Figures 2(b) and 2(c) show the MQWs grown on the template without and with superlattices, respectively. As shown in Fig. 2(b) , the boundaries between InGaN wells and GaN barriers were severely interfered by lots of TDs parallel to the ð11 2 20Þ growth direction that would give rise to the poor carrier confinement and low internal quantum efficiency. In contrast, as shown in Fig. 2(c) , the MQWs revealed a clearer boundary between InGaN wells and GaN barriers than that of Fig. 2(b) . In order to confirm the quality improvement of a-plane MQWs using InGaN/GaN superlattices, Arrhenius plots of the normalized integrated PL intensity for the a-plane LED without and with InGaN/GaN superlattices over the temperature range 90 -300 K were measured. The 405 nm line of InGaN laser diode was used as a PL pumping source to avoid the absorption in GaN and prevent the excess photo-generated carriers from being injected into MQWs. Therefore, the effective excitation conditions are the same for the MQWs grown on the templates with and without superlattices. Sample 1 and Sample 2 are the a-plane LED without and with InGaN/ GaN superlattices, respectively. Figures 3(a) and 3(b) show the normalized integrated PL as a function of 1000=T for Sample 1 and Sample 2, respectively, wherein the thermal activation energies of 86.15 and 118.7 meV were estimated from the Arrhenius plots. Furthermore, the integrated PL intensity ratio obtained at 90 and 300 K [I PL (300 K)/ I PL (90 K)] for Sample 2, which is approximately 16%, is larger than that of Sample 1 (nearly 10.3%). In general, the temperature-induced quenching of luminescence involves the thermal emission of charge carriers out from confined quantum-well states into barrier states, 21, 22) the thermal dissociation of excitons into free electron-hole pairs, 23) and the thermal activation of excitons to non-radiative defect states. 24) Therefore, the thermal activation energy is a quantity to measure the exciton binding energy or the energy difference between the energy of the quantum-well confined state and the barrier continuum state or defect state. As a result, the carrier confinement of a-plane MQWs was indeed enhanced in terms of activity energy estimation by introducing InGaN/GaN superlattices.
Room-temperature EL spectra under 20 mA injection current is shown in Fig. 4(a) . The same emission peaks were located at 449 nm for both samples. The EL full width at half maximum (FWHM) of Sample 2 was measured as 28.7 nm, which was narrower than that of Sample 1 (FWHM = 35.8 nm). The L-I-V curves were measured to further demonstrate the performance enhancement of a-plane LEDs with InGaN/GaN superlattices as shown in Fig. 4(b) . These two I-V curves exhibited similar shapes, indicating that the absence of the degradation of electrical characteristics with the insertion of superlattices. The forward voltages of Sample 1 and Sample 2 were both 4.25 V at 20 mA operating current. The series resistances of Sample 1 and Sample 2 were estimated to be $24 . The output power of Sample 2 had a 3.42-and 2.86-fold increase compared with those of Sample 1 at 20 and 100 mA injection current, respectively. Such an apparent enhancement was attributed to the dislocation reduction and the improvement of the MQW quality upon inserting InGaN/GaN superlattices.
The a-plane (In,Ga)N films suffer from anisotropic inplane compressive strain in the x-y plane (x is oriented along h1 1 100i, y is oriented along h11 2 20i, and z is oriented along h0001i) of the wurtzite crystal and the original jX AE iYi-like valence-band states of unstrained wurtzite crystal are split into jXi-and jYi-like states. The energy of the jXi-like state is raised by the strain, while that of the jYi-like state is pushed down to below that of the jZi-like state (see the inset of Fig. 5 ). Therefore, electronic transitions occur predominantly from the bottom of the conduction band to the topmost jXi-like state and the resulting light emission will have a strong x-polarized ðE ? cÞ characteristic. 10, 11) In order to analyze the linear polarization of the EL of our devices, we rotated a polarizer between the polarization angle of 0 (parallel to the c-axis) and 360 . The polarization ratio is defined as ¼ ðI max À I min Þ=ðI max þ I min Þ, where I max is the intensity of light with polarization perpendicular to the c-axis and I min is the intensity of light with polarization parallel to the c-axis. Figure 5 shows the EL intensities of Sample 1 and Sample 2 at different polarization angles at room temperature. The degree of polarization of Sample 2, which was estimated to be approximately 56.3%, was larger than that of Sample 1 (nearly 27.4%). There are two possible reasons that account for this phenomenon. First, the TDs in GaN act as nonradiative recombination centers and could restrict the carrier transitions from the bottom of the conduction band to the topmost jXi-like state. Since the superlattices can reduce the dislocation density, the severe interruption of selective carrier transition was reduced. The other reason is that the superlattices may amplify the anisotropic in-plane compressive strain experienced by the MQWs and consequently give rise to a higher transition energy difference between the jXi-like state and jZi-like state. As a result, the polarized characteristic of a-plane LEDs with superlattices was enhanced.
Conclusions
We have demonstrated that the performance enhancement of a-plane LEDs was achieved by the insertion of InGaN/GaN superlattices. The threading dislocation density was reduced from 3 Â 10 10 to $9 Â 10 9 cm À2 . From the Arrhenius plots, the thermal activation energy of the sample with InGaN/ GaN superlattices which was estimated to be 105.3 meV, was larger than that of the sample without InGaN/GaN superlattices (83.7 meV). Afterward, the EL intensity of the sample with InGaN/GaN superlattices exhibited improvement by a factor of 3 in comparison with that of the conventional sample without InGaN/GaN superlattices, which could be attributed to the TD reduction and the improvement of LED quality. Furthermore, we observed that the polarization degree of a-plane LEDs with superlattices (56.3%) was much higher than that of a-plane light emitting diodes without superlattices (27.4%).
